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We discuss, from the theoretical point of view, what a thought experiment to measure the meson- 
photon transition form factor for a tt", 77, and i]' could provide, exploring its implications. We 
consider possible mechanisms that can eventually describe an auxetic pion-photon transition form 
factor, as indicated by the 7*7 — ^ tt" BABAR data at large-Q^ and discuss possible explanations of the 
antithetic trend observed by the BABAR Collaboration for the non-strange part of the 7*7 — >■ ri{ri') 
form factor. We also estimate the effect on the transition form factors of a finite virtuality of the 
quasi-real photon in the light-cone sum rules. The analysis also includes the CLEO data for r]{ri'). 
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Introduction. The measurements of the BaBAR. Col- 
laboration of the 7*(9i )7('Z2) ^ ■"'^ III a-nd the 7*7 — )• ?/ 
and 7*7 — >■ 77' (with ql = —Q^ for the far off the mass 
shell photon and (/I w for the near on mass shell 
photon) transition form faetors (TFF)s in the wide 
momentum-transfer range from 4 to 40 GeV^, have not 
yet found a satisfactory explanation within the factoriza- 
tion approach of QCD. As first pointed out in the 
rise of the scaled form factor Q"^ F^' ^' ''\q^) = F^'^iQ^) 
observed by BaBAR. above 10 GeV^ up to the high- 
est momentum probed (with the exception of two data 
points at about 14 and 27 GeV^ that are below and 
close to the asymptotic limit -7^q2^oo(Q'^) = "v/S/tt with 
/tt = 132 MeV) does not conform with the standard QCD 
approach based on coUinear factorization — see [3| for a 
review. 

Following the publication of the BaBAR data on 
F^'^[Q'^) there was a spurt of worldwide theoretical ac- 
tivity, using different approaches and drawing strongly 
diverging conclusions (see jsj for the original analysis 
and [6| for a brief benchmark comparison with other ap- 
proaches). For instance, Agaev et al. claim that the 
data on the pion-photon transition can be accommodated 
within QCD using light-cone sum rules in conjunction 
with pion distribution amplitudes (DA)s characterized by 
an inverse hierarchy of Gegenbauer coefficients 04 > 02 
(and eventually still higher coefficients). In contrast, our 
recent analysis in Q — which utilizes basically the same 
method but in connection with endpoint-suppressed pion 
DAs [1] — comes to the opposite conclusion. As a result, 
the majority of the existing experimental data at inter- 
mediate Q2 < 9 GeV^ are best described by endpoint- 
suppressed pion DAs, like those obtained in [8[, whereas 
the high-Q^ tail of the 7r° BABJJl data requires the inclu- 



sion into the pion DA of a large number of Gegenbauer 
coefficients. An important observation in 0] was that the 
trend of the transition form factor of the nonstrange part 
of 7/ and 7/ can be well reproduced by the prediction ex- 
tracted from the BMS formalism 

0, i-OI (more details 

later). 

The crucial characteristic of the BMS model for the 
7r° DA, within the BMS formalism, is that its kine- 
matic endpoints x = 0,1, with x denoting the lon- 
gitudinal momentum fraction carried by the partons, 
are strongly suppressed. This is the result of assum- 
ing that the vacuum quarks have a non-zero virtuality 
(0.35 - 0.55) GeV2, enforcing the us_e of QCD sum 
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rules with nonlocal condensates [8|, [IJ, |15[ . The under- 
lying idea is that in the coordinate representation the 
nonlocal condensates are not constant but depend on the 
Euclidean separation of the quark fields and decay with 



a correlation length Ac 



1/Xq — see [16| for more de- 



tails and [17[ for explanations. Then, the endpoint con- 
tributions in the scalar condensate that dominates the 
pion sum rule are strongly suppressed — in contrast to 
the standard approach of Chernyak and Zhitnitsky (CZ) 

The inescapable conclusion from our analysis in [llj 
(see also [l^) is that in order to reproduce the BaBMI 
data on the pion-photon transition form factor, one has 
to employ a flat-like pion DA, as proposed by Radyushkin 
[iot and independently by Polyakov 21 1 in a different 
context. Such DAs entail a logarithmic rise of F'''^{Q'^) 
and comply with the trend of the BABAR data for 7r° (see 

22, [2^). Note that hints for a fiat- like pion DA were 
obtained earlier within the Nambu-Jona-Lasinio model 

24| and also in the so-called Spectral Quark Model |25| , 
as well as from the instanton vacuum |26l . l27| . Meanwhile, 



* This work is dedicated to the memory of Klaus Goeke — friend and 
colleague. 



several authors have proposed contextual explanations in 
conjunction with particular low-energy models that can 
replicate the growing behavior of F^^{Q'^) indicated by 
the BABAR data. Besides the analyses already mentioned, 
examples are given by the works in Refs. |28l436l | . 
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Table I: Numerical results of the scaled TFF Q'^F''''^''^ (Q^) = T'''' (Q^) calculated in this work (last column) m comparison 
with the values measured at the same momentum scales by the CLEO [l^l and the BaBar [l|, Collaborations, both for 
the 7*7 — >■ tt" and the 7*7 — >■ |n) processes. Note that the values published bythe BABAR Collaboration in 0| are slightly 
different from those given in the arXiv version of this work used by us in Table I of • The last entry at the timelike momentum 
= 112 GeV^ is taken from The origin of the theoretical uncertainties in the last column is explained in the text. 
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No satisfactory agreement can be achieved with end- point vanishing pion DAs in full accord with the find- 
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ings in Q and despite opposite claims expressed in the 
literature 0,112, 37 1. The antithetic trend between the 
BaBAR data for the 7*77r° and those for the 7*7?7(?7') 
transition was pointed out in [l^ and the underlying 
antagonistic mechanisms were emphasized: endpoint en- 
hancement for the first and endpoint-suppression for the 
second — each associated with pseudoscalar meson dis- 
tribution amplitudes with distinct endpoint characteris- 
tics. While we understand the mechanism of endpoint 
suppression — nonlocal quark/gluon vacuum condensates 
Q — we have no clear understanding of the mechanism of 
endpoint enhancement which would give rise to a flat-top 
pion DA and lead to an auxetic^ behavior of the pion- 
photon transition form factor. In this sense, the flat-top 
pion DA is an after-the-fact rationalization of the ris- 
ing scaled TFF without support from the standard QCD 
framework. In particular, it is not possible to predict 
the high-Q^ behavior of the BaBAR data on the basis of 
QCD, see, e.g., 0, [HI, 38, [s^], and other experimental 
data antecedent to them. 




M(P) 



Figure 1: Generic experimental setup for the process e^e~ 
e'^e~M, where M is a pseudoscalar meson vr",?) or The 
tagged electron (or positron) is labeled and the corresponding 
momenta of all particles are denoted. 



In the present work, we retrofit the data for the tran- 
sition form factors of the 7r°, rj and 
CELLO 0, CLEO [13, and BABm 



ri_ measured by 
perform- 
ing the following refinements from the numerical pre- 
cision viewpoint: (i) We include in our analysis the 
CLEO results [l^l for the spacelike transition form fac- 
tor Q2^t'i"'(''')(Q2) ^ j:ivW)(^Q2-^—^oi included in 0. 

(ii) We investigate the effect of a finite virtuality of the 
nearly real photon attempting to take into account the 
unknown dependence on the momentum transfer to the 
untagged electron (see Fig.[T|).^ (in) We present our theo- 
retical predictions obtained this way in Table HI where we 



^ This word derives from the Greek word au^riaic which means the 
inherent tendency to increase. 

^ We thank Wojeiech Broniowski for attracting our attention to 
this point (see in this context also [29l . |4]] | ) . The dependence 
of the tt" TFF on the virtuaUty of the quasi-real photon up to 
1^21 =0.2 GeV^ was recently discussed in [42^ . using the vector- 
meson-dominance hypothesis. 



include the main theoretical errors and the uncertainty 
due to the finite photon virtuality. Our intention is to 
prepare and facilitate detailed comparisons between the- 
ory and experimental data to come, e.g., by the Belle 
Collaboration. For this reason, we work out our results 
for those particular momentum values measured by the 
CLEO and the BaBAR Cohaborations. 

Retrofit data analysis. To calculate the TFFs, we 
employ the theoretical method of lightcone sum rules 
(LCSR)s [43I- 45 [ along the lines we followed in_our pre- 



vious works in H, SlMll, 0] (consuh also 0). The 
key ingredients of this approach are the following: The 
leading-twist pion DA entering the LCSRs is determined 
in the framework of QCD sum rules with nonlocal con- 
densates 0. In a nutshell, we include QCD radiative cor- 
rections with next-to-leading-order (NLO) accuracy and 
twist-four contributions applying the calculational pro- 
cedure discussed in detail in [5|. On the other hand, the 
main next-to-next-to-leading-order (NNLO) term, pro- 
portional to /3o [i3|, is taken into account together with 
the twist-six correction by means of uncertainties. 
Note that the NLO, NNLO/3, and Twist- four contribu- 
tions are all negative, supplying suppression, whereas 
the Twist-six term has a positive sign and is either very 
small if a Borel parameter of = 1.5 Gev^ is used — 
as in 0— or it has for < 1 GeV^— as in ji]— 

approximately the same size as the NNLO/3 radiative 
correction and cancels against it. Additional suppres- 
sion results also from the evolution of the Gegenbauer 
coefficients in the parametrization of the pion DA, taken 
here into account at the NLO level (details in [1]). The 
theoretical uncertainties entering this type of calcula- 
tion are given in Table |T] (last column) . The first error 
refers to the variation of the shape of the pion DA within 
the framework of QCD sum rules with nonlocal conden- 
sates [1] and the uncertainty of the Twist-four coupling 
(52(1 GeV^) = 0.19 ±0.04 GeV^. The second error shows 
the algebraic sum of the NNLO^ and the Twist-six terms, 
whereas the last negative error is explained next. 

A new element of the present analysis concerns the 
treatment of the virtuality of the quasi-real photon. 
Single-tagged experiments (see Fig. [Ij bear an uncer- 
tainty owing to the unknown dependence on the momen- 
tum transfer to the untagged electron. This means that 
the facility can register those events with a momentum of 
the quasi-real photon jgH up to some value which BABAR 
estimates to be < 0.18 GeV^, ^ whereas CLEO ac- 
cepts two charged tracks, each of transverse momentum 
on the order of 0.01 GeV^. To confront theory with 
such experiments more precisely, we retain the virtual- 
ity of the quasi-real photon unfixed and provide exem- 
plarily numerical results for the tt" TFF using the value 



^ A less stringent constraint of 0.6 GeV^ is also discussed in [l|]. 
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< 0.18 GeV^ reported by BaBAR in Q. The entailed 
error has always a negative sign and is given in the last 
column of Table HI As one can see from Fig. ^ the inclu- 
sion of a finite virtuality of the quasi-real-photon induces 
a decrease of the TFF which is most pronounced in the 
lower momentum region, becoming less important above 
10 GeV^. A similar observation was done in Ref. [i^ 
using Monte Carlo simulations in which a kinematic cut 
of < 0.18 GeV^ leads to a reduction of the cross sec- 
tion at the level of 3% for the whole range from 1 to 
35 GeV^. These findings make it apparent that a reliable 
experimental determination of relative to would 
help to improve the accuracy of theoretical predictions 
considerably. The lower (blue) shaded band in this figure 
shows how the photon with IqjI = 0.18 GeV^ increases 
the uncertainty region of the original predictions — upper 
(green) shaded band Q — downward. The enlarged band 
of our theoretical predictions includes all CLEO data 
with their error bars and makes it even more difficult 
to reconcile such a trend of the TFF with the BaBAR 
data beyond 10 GeV^. 



0.30 : 
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0.20 : 
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0.10 - 
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0.00 
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Figure 2: (color online) . Theoretical predictions for the scaled 
7*77r'' transition form factor in comparison with data taken 
from various experiments, as indicated, using the theoreti- 
cal framework described in the text. The upper (green) strip 
shows the results obtained in 0|. The lower (blue) strip rep- 
resents the influence of the small virtuality of the quasi-real 
photon induced by the untagged electron. 



The hunt for an explanation. In view of the current 
situation, one may ask what future experiments could 
contribute in order to improve our understanding of the 
transition form factors Fm{Q^t<1^ 0), where M de- 
notes a pseudoscalar meson with J^'^ = '", i.e., 7r°, 77, 
or if . The generic experimental setup for such a process 
is shown in Fig. [1] 

There are two rigorous predictions for the behavior of 
the 7r° TFF, one extracted form the axial anomaly in the 
chiral limit of QCD, i.e., at = [ii,!!^], and the other 
obtained from QCD in the asymptotic limit — >■ c» [5l| . 



hm F^*7-''(Q2) = JL^ 



On the other hand, for very high Q^, one has 



lim Q^F'>'^^Q^) = V2U 



(1) 



(2) 



To interpolate between the = and = 00 limits, 
the following phenomenological monopole form has been 



proposed in [51 



pi 



V2U 



(3) 



One can derive analogous interpolation formulas for the 
r] and rj' in terms of their decay constants and . 

Though we lack a detailed theoretical scheme to deal 
precisely with nonperturbative QCD, one would expect 
that the experimental data would comply with the above 
QCD preconceptions of the 7r° TFF. While this is true 
for the CLEO data, the BaBAR data indicate a differ- 
ent trend at momenta > 10 GeV^ characterized by 
a distinctive increase. Hence, from the QCD point of 
view, these data appear as being contingent on unknown 
enhancement mechanisms of the nonperturbative quark- 
gluon interactions. In this sense, it is of little consolation 
to appeal to contextual explanations of this effect, though 
it is possible that some deeper reason for enhancement 
-see, for instance. 



21, 23, 52, 5 



However, 



may exist- 

it is a futile endeavor to try to explain the auxetic be- 
havior of the BaBar. data by systematically engineering 
the fit to these data as long as there is no independent 
experimental validation or, at least, evidence for that. 

Without addressing an authentic experiment, we com- 
pile the three main options one may expect, discussing 
them as broadly as possible: 

• The outcome of a thought experiment X cannot 
resolve the situation because the uncertainties are 
too large so that the trend of the data in the high- 

domain cannot be determined uniquely. This 
option would shift the clarification of the puzzle 
around the BaBAR data to future experiments at B 
factories. Such an option is theoretically uninter- 
esting; therefore, we concentrate our attention to 
the other two possible options and distill their core 
issues. 

• Experiment X turns out to be at odds with the 
BaBar measurement for 7r° [l[, having similarly 
small errors, while being in agreement with the 
BaBar data for the rj and the »7' 0- In this 
case, it will automatically comply with the asymp- 
totic QCD constraint (horizontal dashed line in Fig. 
[2]) and the theoretical predictions obtained with 
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the BMS formalism (shaded bands — recah our re- 
marks in the preceding section). This would mean 
that (a) the DAs of the two pseudoscalar mesons 
tt" and rj (strictly speaking its nonstrange compo- 
nent) are similar — no (significant) SU{3)f flavor 
asymmetry — and (b) have their endpoints strongly 
suppressed. Implicitly, this would give support to 
the idea of nonlocal condensates that entail this 
suppression and validate the sum-rule method in 
based on them. 

Conversely, experiment X confirms the rise of the 
7*7 — 7r° form factor, observed by the BaBAR Col- 
laboration Using for simplicity the description 
of the rj — rj' mixing in the quark-flavor basis 54 1 
(see [55| for a review), one has 



cos (J) — sin 
, sin(^ cos 




(4) 



where the nonstrange part is given by |n) = 
{l/y/2){\uu) + \dd)) and the strange component is 
\S) = \ss), with the angle (j) denoting the deviation 
of the mixing angle from the ideal one owing to the 
L'a(I)) i-e., axial-vector, anomaly. Then, the TFFs 
of the physical r] and ry' mesons can be linked to 
those of the states \n) and 15) — see [1| for further 
details. Using the currently accepted value of the 
mixing angle (f> ~ 41°, as in Q, to mix the data on 
T] and 77', we obtain the data points for the TFF 
of the |n) state shown in Table U and displayed in 
Fig. [2] This rough treatment ignores in the 
evolution the mixing with the gluonic components 
and the difference in the normalization owing to the 
different decay constants, but is suflacient for our 
qualitative considerations. A confirmed strong de- 
viation between this TFF and that of the 7r°, would 
suggest the following conclusions: (a) The DAs for 
the pion Itt" ) = (I/V2) {\uu) - \dd)) and | n) are 
very different, thus revealing a strong SU{3)f fla- 
vor asymmetry. Indeed, while \n) is best described 
by an endpoint-suppressed DA within the BMS for- 
malism, the 7r° seems to be represented by a flat- 
like (flat-top) DA that is characterized by a strong 
endpoint enhancement. In contrast, the analysis in 
[5^ claims good agreement with the BaBAR data 
for the 77 TFF using an endpoint-enhanced 77 DA 
derived from the Nambu-Jona-Lasinio model. A 
scheme to describe the 77 — 77' mixing with two decay 
parameters (/o and fs) and two mixing angles (6*0 
and 6s) was recently used in [i^. These authors 
find that their TFF calculation for the two-octet 
ansatz is consistent with the bulk of the available 
data. At the same time, the 7r° TFF disagrees with 
the BaBAR data for both the one-octet and the two- 
octet ansatz. (b) The experimentally accessible re- 
gion for the measurement of the the pion-photon 



transition form factor would be still far away from 
the validity regime of perturbative QCD (horizon- 
tal dashed line in Fig. [2]). To accommodate such a 
behavior of the form factor, one would be forced to 
use in the currently accessible momentum region al- 
ternative approaches, underscoring the need to de- 
cipher the underlying yet unknown QCD enhance- 
ment mechanism in order to make a real progress. 

Abstracting from the 7r° BaBAR data, the intriguing 
question to be answered is whether it is possible to ac- 
commodate within the QCD factorization approach a 
TFF that can have auxctic behavior with and identify 
its dynamical origin. One may think that such a behav- 
ior could eventually be possible as the result of multiple 
correlations with various correlation lengths, related to 
constructive interference effects, that may prevent par- 
tonic interactions governed by fixed-order or resummed 
QCD perturbation theory up to excessively large momen- 
tum transfers. 

Conclusions. As mentioned above, failing to confirm 
the auxetic trend of the BaBAR data for the 7r° TFF, 
would imply that the there is no strong SU{3)f fla- 
vor asymmetry in the pseudoscalar sector of QCD. This 
would further imply that the strange content of the 77, rj' 
plays no significant role and that the dependence on the 
mixing scheme and angle(s) to express the 77 and 77' states 
is of minor importance as well. A second implication is 
related to the structure of the QCD vacuum. The end- 
point suppression of the 7r° DA model within the BMS 
formalism stems from the nonlocality of the quark con- 
densate. This means that there is a maximum correlation 
length Acorr ^ with the effect that the endpoint re- 
gions of the pion DA, close to x = 0,1, are strongly 
suppressed (see Q and 17, 57 1 for deeper explanations). 



The existence of this finite correlation length marks the 
crucial difference between the BMS DA and the CZ one, 
though both are double-humped and not asymptotic like. 
As we have shown in Q and our analyses preceding it (see 
also [4^), the CZ 7r° DA fails to reproduce all data, i.e., 
CELLO, CLEO, and BaBAR (tt^ and 77/77') simultaneously 
with the same acceptable accuracy. 

On the other hand, provided the BaBAR data will be 
confirmed, the main characteristic of the flat-top tt DA is 
that there are no features at some value of x that makes 
that particular longitudinal-momentum fraction stand 
out. There are no "dips" and "humps" anywhere. This 
lends itself to a pion interpretation as being a "point- 
like" particle [5^, in the sense that it behaves as a unit 
without revealing its internal constituents, despite the 
large momentum with which it was probed. It is 
worth mentioning that the predictions for the pion TFF 
extracted from two independent AdS/QCD approaches 
[59! . [jot disagree with the high-Q^ trend of the BaBAR 
data, while being in good agreement with the results of 
the BMS formalism. 
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New experimental data on the spacelike TFFs of the 
pseudoscalar mesons 7r°, 77,77' could provide a litmus test 
of the corresponding DAs of these hadrons shedding also 
light on the underlying mechanisms of QCD to create 
them. 
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